Introduction {#s0005}
============

Malignant gliomas are among the deadliest and most invasive types of cancer, resulting in serious impairment of quality of life in patients and ultimately mortality. Gliomas account for approximately 80% of all brain-related malignancies [@bb0005], with an incidence of 5.26 per 100,000 people in the United States [@bb0010], contributing to approximately 2.7% of all cancer-related deaths or over 23,000 new patients expected annually [@bb0015]. The most prevalent and aggressive form of glioma, known as glioblastoma multiforme (GBM, WHO Grade IV), accounts for 55% of all gliomas and 15% of all primary and central nervous system tumors [@bb0020]. A vital characteristic of all gliomas, and in particular GBM, is that the cells are highly invasive, which allows them to migrate away from the primary tumor and infiltrate the surrounding normal-in-appearance brain parenchyma. This widespread invasion severely limits surgical resection of the tumor, and consequently, following surgical resection, tumor cells remain and the tumor inevitably relapses, with 90% of secondary tumors occurring within 2-3 cm of the original tumor mass [@bb0025]. GBM is also considered incurable, with 26.5% of GBM patients surviving 2 years postdiagnosis [@bb0030], 5.5% surviving 5 years [@bb0010], [@bb0035], and a median survival rate of just 15 months with the current standard treatment consisting of surgical resection followed by concomitant radiotherapy and chemotherapy with the DNA-alkylating drug temozolomide (TMZ) [@bb0040]. Importantly, contributing to the poor outcome of GBM patients is the development of resistance to radiotherapy and TMZ treatment [@bb0045].

Research has shown that a key mechanism of GBM cell invasion is facilitated by the formation of dynamic, actin-rich protrusions known as invadopodia [@bb0050], [@bb0055]. These specialized membrane structures are able to reach lengths greater than 2 μm, with diameters ranging from 0.1 to 0.8 μm [@bb0055], and function to degrade the surrounding matrix through the action of transmembrane proteases, such as MT1-MMP, and secreted proteases, such as MMP-2 and MMP-9 [@bb0060], ultimately facilitating malignant cell invasion through the modified surrounding extracellular matrix (ECM). The presence of invadopodia in glioma cells lines and cells harvested from GBM patient specimens has been previously documented [@bb0055], [@bb0065], [@bb0070], suggesting that they may potentially play a role in glioma cell invasion. Importantly, we have previously shown that the expression levels of an invadopodia regulator, Tks5, in glioma patient biopsies may be of prognostic significance [@bb0075].

The clinical management of many cancers generally involves the use of radiation therapy, with approximately 50% of cancer patients receiving radiation therapy during the course of their disease [@bb0080]. Studies have previously reported that radiation therapy can induce an enhancement of MMP-2 secretion in a wide range of cancer cell types, including lung [@bb0085], pancreas [@bb0090], kidney [@bb0095], and glioma [@bb0100], [@bb0105], [@bb0110]. This increase in MMP-2 secretion may assist tumor survival by decreasing apoptosis, inducing proliferation and angiogenesis, as well as promoting invasion [@bb0115]. GBM cells that receive sublethal doses and survive radiotherapy and/or TMZ treatment have also been shown to exhibit enhanced migratory and invasive potential [@bb0120], [@bb0125], [@bb0130], [@bb0135], [@bb0140], indicating that the long-term inadequacy of treatment observed for most patients may be related to surviving cells exhibiting an increased invasive capacity. This is a crucial aspect as the majority of GBM tumors frequently recur close to initial resection cavity or the target volume of radiotherapy [@bb0145]. A previous report by our laboratory has shown that the enhanced invasive phenotype observed in glioma cells posttreatment is possibly mediated by the action of invadopodia [@bb0150].

The poor prognosis for many cancers, including GBM, requires the development for new therapies. However, the cost associated with the discovery, development, and registration of a new drug is a significant impediment [@bb0155]. As a result, in recent years, drug repurposing (or drug repositioning) has been adopted as a means for identifying new therapeutic applications or indications for already FDA-approved drugs, thereby bypassing the hurdles involved in the discovery and development of new drugs. Importantly, there will already be existing knowledge of toxicities, pharmacokinetics, and dosing for the previous indications, which is not available for newly developed drugs, thereby shortening the developmental time frame of research to clinical use. Also, as these drugs have already been through preclinical pharmaceutical pipelines, the cost of repurposing a drug for a new therapeutic application or indication is significantly reduced [@bb0160].

In view of the inherent invasive nature of GBM cells, it may be possible that specifically targeting invadopodia could serve as a novel adjuvant therapeutic strategy in conjunction with the current therapeutic approach. Serendipitously, several drugs have been developed which target factors, including Src, microtubules, and epidermal growth factor receptor (EGFR), which regulate invadopodia-related processes. Such drugs may be able to impair invadopodia formation and/or activity in GBM. Here, we investigate several FDA-approved agents to examine their therapeutic efficacy and ability to reduce the invasiveness of GBM cell lines by targeting invadopodia activity.

Methods {#s0010}
=======

FDA-Approved Drugs {#s0015}
------------------

The FDA-approved drugs utilized in this study were supplied at a concentration of 10 mM in DMSO (Selleckchem) and were stored at −80°C ([Table 1](#t0005){ref-type="table"}).Table 1FDA-Approved Drugs Utilized for This StudyTable 1DrugsTargetsDasatinibSrc, Bcr-Abl, c-kitPaclitaxelMicrotubuleLapatinibEGFRSunitinib malateVEGFR, PDGFR, C-kit, FltPonatinib (AP24534)Src, Abl, VEGFR2, FGFR1OSI-420 (desmethyl erlotinib)EGFRAfatinib (BIBW2992)EGFR, HER2Erlotinib HClEGFRVincristineMicrotubulesVinorelbine tartrateMicrotubulesGefitinib (Iressa)EGFR, AktOxaliplatin (Eloxatin)DNA/RNA synthesisZoledronic acidRAS, Rho GTPAsesBosutinib (SKI-606)Src, AktSorafenib (Nexavar)VEGFR, PDGFR, RAF/MEK/ERKMasitinib (AB1010)FAK, c-kit, PDGFR, FGFRDocetaxel (Taxotere)MicrotubulesFludarabine phosphate (Fludara)DNA/RNA synthesisRuxolitinib (INCB018424)JAKPCI-32765 (Ibrutinib)Src

Cell Lines and Culture {#s0020}
----------------------

U87MG and LN229 cell lines were purchased from the American Type Culture Collection, while U87MG-EGFRvIII was sourced from the Ludwig Institute for Cancer Research. GBM cell lines MU41 and MU35 were generated from biopsy samples obtained from GBM patients at the time of surgery at The Royal Melbourne Hospital (Melbourne Health Research Ethics Approval Number HREC 2009.116). The cells were cultured in DMEM (Life Technologies) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (HyClone), penicillin (100 U/ml), and streptomycin (10 μg/ml). All cells were maintained in a humidified atmosphere of 10% CO~2~ at 37°C and used within the first 20 cell passages.

Western Blot Analysis {#s0025}
---------------------

Western blot analysis of protein lysates (20 μg) was performed using NuPage 4%-12% bis-tris precast gels (Invitrogen) and transferred onto nitrocellulose blotting membrane (GE Healthsciences). The membranes were blocked with 3% bovine serum albumin in 1% TBST for 1 hour prior to overnight incubation with primary antibodies at 4°C. The following antibodies were used: cortactin (diluted 1:1000, Santa Cruz Biotechnology), phospho-cortactin (diluted 1:1000, Cell Signaling Technologies), GAPDH (diluted 1:1000, Cell Signaling Technologies), N-WASP (diluted 1:1000, Santa Cruz Biotechnology), Nck1 (diluted 1:1000, Cell Signaling Technologies), MMP-2 (diluted 1:1000, Santa Cruz Biotechnology), Tks5 (diluted 1:1000, Santa Cruz Biotechnology), phospho-EGFR (diluted 1:1000, Cell Signaling Technologies), and EGFR (diluted 1:1000, Cell Signaling Technologies). The membranes were then washed three times in 1× TBST for 5 minutes each wash and then incubated with the appropriate secondary antibody (1:10,000) (BioRad) and subsequently developed using enhanced chemiluminescence reagent (GE Healthcare) and exposure onto Super RX x-ray film (Fujifilm).

Gelatinase Zymography {#s0030}
---------------------

For zymography analyses, 2 × 10^5^ cells were seeded per well in six-well plates (Corning) and were allowed to adhere overnight before washing with sterile PBS and subsequent incubation in serum-free OptiMEM (Thermofisher Scientific) for 24 hours. One-hundred-microliter aliquots of the conditioned OptiMEM medium was then sampled and centrifuged at 1000×*g* (4°C) for 10 minutes before storage at −80°C. Gelatin zymography was performed using 10% gelatin-substrate zymography NuPAGE precast gels (Invitrogen, Australia) and the conditioned OptiMEM media samples \[which were normalized against the corresponding cell protein lysate concentrations, as determined using the BCA protein assay (Pierce, Thermofisher Scientific)\]. The samples were then separated on the zymography precast gels by electrophoresis at 125 V for 1.5 hours in 1× Novex Tris-Glycine SDS Running Buffer. Gels were then removed and incubated for 30 minutes (RT) in 1× Novex zymogram renaturing buffer (Thermofisher Scientific) followed by a further 30-minute incubation (RT) in 1× Novex zymogram developing buffer (Thermofisher Scientific), which was then replaced with new developing buffer for overnight incubation at 37°C. Gels were subsequently washed in distilled water and stained for 1 hour in Simply-Blue Stain (Life Technologies) followed by further washing in distilled water until clear gelatinolytic bands were visible. The molecular weight was identified with the aid of loaded Precision Blue protein markers (Bio-Rad). The gels were scanned using a flatbed scanner for further densitometric analysis using Image J (version 1.51f).

Cell Viability Assays {#s0035}
---------------------

Cells were seeded into 96-well plates (1 × 10^4^ cells/100 μl) and were allowed to adhere overnight. Cells were treated with the FDA-approved drugs at increasing concentrations (0, 0.01, 0.1, 1, and 10 μM in triplicate) for 72 hours in a humidified environment (10% CO~2~ at 37°C). Cell viability after drug treatment was assessed on a plate reader (at a wavelength of 570 nm) using a CellTiter 96 Non-Radioactive Cell Proliferation Assay (MTT) (Promega) as per the manufacturer\'s instructions.

Invadopodia Degradation and Colocalization Assays {#s0040}
-------------------------------------------------

FITC-gelatin invadopodia/matrix degradation assays were performed as previously described [@bb0165]. For basal invadopodia activity screening of the GBM cell lines, 1 × 10^5^ cells were seeded per coverslip and incubated for 24 hours in a humidified environment (10% CO~2~ at 37°C). The cells were then then washed with 1× PBS and fixed in 4% paraformaldehyde for 15 minutes. The cells were next permeabilized with 0.2% Triton-X-100 and then stained with rhodamine phalloidin (invadopodia actin puncta) and DAPI (nucleus), and the coverslips were mounted with Vectashield (Vector Laboratories). Images were then acquired using a Nikon A1+ confocal microscope system utilizing a Plan Apo VC 60x Oil DIC N2 immersion objective. Degraded gelatin was defined as black areas depleted of fluorescent gelatin within each image. A total of 10-15 random image fields were acquired for each sample and saved in two image formats: native Nikon ND2 and an uncompressed jpeg format. Images were subsequently analyzed using ImageJ (version 1.51f, NIH), and threshold and region tools were utilized to define the total region of degradation present within each acquired image field. A particle counter macro was then employed to calculate the total area of FITC-conjugated gelatin degradation, and this was then standardized relative to the number of DAPI-positive cells that were present within the image field. Experiments investigating the effect of FDA-approved agents on invadopodia activity were as follows: LN229 cells were irradiated at 2 Gy and treated with 200 μM of TMZ for 24 hours (10% CO~2~/37°C). The cells were then treated with 0.01 μM of an FDA-approved drug for an additional 72 hours (10% CO~2~/37°C). The cells were then trypsinized and seeded at a density of 1 × 10^5^ cells per FITC-gelatin coated coverslip for 24 hours in the absence of drug (10% CO~2~/37°C) prior to fixing and staining as previously outlined.

*In Vitro* Scratch Wound Assay {#s0045}
------------------------------

Cells were seeded into 6-well plates (3 × 10^5^ cells/well) and left to adhere overnight in a humidified environment (10% CO~2~ at 37°C). They were then treated for 72 hours with 0.01 μM of drug, after which 5 μg/ml of Mitomycin C (2 hours, 10% CO~2~/37°C) was then added to the cells to arrest proliferation, followed by the introduction of a scratch 2 hours later. The cells were then washed twice in PBS before fresh medium was added. Images were acquired at time points 0, 6, and 24 hours using a 4× objective. Images were analyzed using ImageJ (Version 1.51f) in order to define the area of the wound.

Results {#s0050}
=======

GBM Cell Lines Are Able to Form Functional Invadopodia {#s0055}
------------------------------------------------------

Invadopodia are actin-rich membrane protrusions that served as mediators of cell invasion due to their ability for concentrating and secreting metalloproteinases [@bb0040], [@bb0165]. Therefore, initial investigations involved whether the GBM cell line panel possessed the ability to form functional matrix-degrading invadopodia through the use of the FITC-gelatin degradation assays. [Figure 1](#f0005){ref-type="fig"}*A* shows that the five GBM cell lines are able to form functional FITC-gelatin degrading invadopodia, as indicated by the presence of darkened areas devoid of FITC-labeled gelatin, colocalized with rhodamine phalloidin--stained actin puncta. Furthermore, quantification of the level of degradation varied, with the LN229 cell line exhibiting the greatest amount of FITC-gelatin degradation and the in-house patient-derived GBM cell line MU35 the least ([Figure 1](#f0005){ref-type="fig"}*B*).Figure 1GBM cell lines express invadopodia regulators, form functional invadopodia and secrete MMP-2.(A) LN229, U87MG, U87MG-EGFRvIII, MU35 and MU41 GBM cells were plated on a thin film of cross-linked FITC-gelatin for 24 hours to detect the presence of invadopodia-mediated FITC-gelatin degradation. White scale bars represent 20 μm. Mean FITC-labeled gelatin degrading activity of GBM cells. Degraded areas of FITC-labeled gelatin are evident as black areas devoid of FITC-labeled gelatin (green). DAPI staining of the nucleus is shown in blue, and rhodamine phalloidin (red) was used to stain for actin filaments and actin puncta (invadopodia). (B) Graph depicting the basal invadopodia-mediated FITC-gelatin degradation activity of the GBM cell lines in (A). Experiment repeated two times. (C) Immunoblot analysis of various regulators of invadopodia formation or activity in the listed GBM cell lines. The experiment was repeated twice, and representative images are shown. (D) Gelatin zymogram analysis showing MMP-2 activity at 24 hours after incubation of GBM cells in serum-free Optimem. The experiment was repeated twice, and a representative image is shown.Figure 1

Importantly, there are a range of different proteins that facilitate the initiation, formation, and regulation of the activity of invadopodia [@bb0050], [@bb0170]. This led us to investigate the expression levels of a number of these regulatory invadopodia-related proteins in our GBM cell lines, including Tks5, cortactin, phospho-cortactin, Nck, N-WASP, MMP-2, EGFR, and phospho-EGFR ([Figure 1](#f0005){ref-type="fig"}*C*). The protein expression profiles of the regulators varied across the cell lines; however, relatively uniform levels of MMP-2, Nck, and N-WASP were observed across the cell lines. The cell line which displayed the most invadopodia-mediated FITC-gelatin degradation, LN229, expressed high levels of the invadopodia proteins phospho-cortactin, cortactin, and Tks5. It has been shown that Tks5 can function as a tether which mediates Rab40b-dependent MMP-2 transport vesicle targeting to the invadopodia tip [@bb0175]. This is in addition to the correlation of cortactin levels in head and neck squamous carcinoma cell lines and the degree of secretion/activation of MMPs at the invadopodia tip, influencing the degree of ECM degradation [@bb0180]. This is in contrast to cell line MU35, which displayed lower levels of Tks5 and phospho-cortactin, as well decreased levels of FITC-gelatin degradation. Free actin barbed generation combined with actin polymerization that is involved in the stabilization and maturation of invadopodia formation can also be facilitated by EGFR-mediated signaling [@bb0185], and a range of total and phospho-EGFR protein levels can be observed in the GBM cell line panel.

Invadopodia-mediated invasion is aided by the recruitment of proteases \[matrix metalloproteinases (MMPs)\] to the tip of the invadopodium where they are subsequently secreted and activated in order to proteolytically degrade the surrounding ECM. Using zymography, we are able to assess the extracellular enzymatic activity of these secreted proteases, as seen in [Figure 1](#f0005){ref-type="fig"}*D*. Analysis conducted on the conditioned media from GBM cell lines at 24 hours revealed that the prominent MMP forms identified were pro--MMP-2 (72 kDa) and active MMP-2 (65 kDa). In addition to the increased levels of phospho-cortactin, cortactin, and TkS5 observed in the LN229 cell line, it can also be seen that the active form of MMP-2 was also elevated, indicating that this combination may have contributed to the increased FITC-gelatin degradation activity. In contrast, the MU35 cell line displayed decreased levels of active MMP-2 coupled with lower protein expression levels of Tks5 and phospho-cortactin, potentially contributing to the observed lower levels of FITC-gelatin degradation ([Figure 1](#f0005){ref-type="fig"}*A*/*B*).

Through the utilization of confocal microscopy, invadopodia can be identified by the colocalization of regulatory proteins such as cortactin or Tks5 with actin puncta and areas of degraded FITC-gelatin [@bb0165], [@bb0190]. Therefore, we confirmed the presence of active invadopodia through the colocalization of the invadopodia-regulating proteins cortactin and Tks5 with actin puncta with degraded areas of FITC-gelatin, as seen in the representative images of the LN229 cells ([Figure 2](#f0010){ref-type="fig"}).Figure 2Endogenous cortactin and Tks5 colocalize to invadopodia actin puncta in LN229 and MU41 GBM cells.LN229 and MU41 GBM cells were plated on coverslips coated with a thin film of cross-linked FITC-labeled gelatin. After 24 hours, the cells were fixed and stained for actin filaments with rhodamine-phalloidin (red), cortactin, and Tks5 primary antibodies and an Alexa 405 secondary antibody (blue). Respective images are shown as follows: LN229 (A-cortactin) and (B-Tks5) and MU41 (C-cortactin) and (D-Tks5) GBM cells. The white arrows indicate co-localization of rhodamine phalloidin--stained actin puncta with cortactin or Tks5 within invadopodia. The experiment was repeated twice, and representative images are shown. Scale bar=20 μm.Figure 2Table 2Invadopodia regulators Are Overexpressed in GBM Relative to Normal Brain TissueTable 2Invadopodia MarkerCancer Tissue SampleNumber of SamplesCorresponding Tissue SampleNumber of SamplesTotal Measured GenesMean Fold Change\
(Log2)*P* ValueSample TypePlatformStudyTks4GBM27Normal brain414,8363.2571.12E-04mRNANDBredel Brain 2MMP2GBM27Normal brain414,8366.4265.41E-04mRNANDBredel Brain 2Nck1GBM27Normal brain414,8361.7171.00E-02mRNANDBredel Brain 2Tks5GBM27Normal brain414,8361.3990.048mRNANDBredel Brain 2MMP2GBM30Normal brain399574.5373.00E-03mRNANDLiangTks4GBM30Normal brain399571.4921.40E-02mRNANDLiangNck1GBM30Normal brain399571.6261.90E-02mRNANDLiangTks4GBM80Normal brain419,5742.2411.32E-06mRNAHuman Genome U133 Plus 2.0 ArrayMuratMMP2GBM80Normal brain419,5742.922.98E-04mRNAHuman Genome U133 Plus 2.0 ArrayMuratNck2GBM80Normal brain419,5741.1352.00E-03mRNAHuman Genome U133 Plus 2.0 ArrayMuratNck1GBM80Normal brain419,5741.8855.00E-03mRNAHuman Genome U133 Plus 2.0 ArrayMuratSrcGBM80Normal brain419,5741.0354.50E-02mRNAHuman Genome U133 Plus 2.0 ArrayMuratMMP2GBM81Normal brain2319,5743.5487.99E-16mRNAHuman Genome U133 Plus 2.0 ArraySunTks4GBM81Normal brain2319,5742.1942.50E-04mRNAHuman Genome U133 Plus 2.0 ArraySunNck1GBM81Normal brain2319,5741.3055.41E-07mRNAHuman Genome U133 Plus 2.0 ArraySunSrcGBM81Normal brain2319,5741.6012.00E-03mRNAHuman Genome U133 Plus 2.0 ArraySunNWASPGBM81Normal brain2319,5741.3381.10E-02mRNAHuman Genome U133 Plus 2.0 ArraySunMMP2GBM542Normal brain1012,6244.8184.06E-10mRNAHuman Genome U133A ArrayTCGANck1GBM542Normal brain1012,6242.0564.06E-09mRNAHuman Genome U133A ArrayTCGACortactinGBM542Normal brain1012,6241.3530.003mRNAHuman Genome Y133A ArrayTCGA[^1]Table 3Shortlisted FDA-Approved Drugs Exhibiting Greatest Reduction in GBM Cell ViabilityTable 3TargetDrugGreatest Cell Viability Reduction Efficacy**10 μM FDA-approved drug group**SrcPonatinib5 / 5 cell linesVEGFR, PDGFRSorafenib5 / 5 cell linesSrcBosutinib5 / 5 cell linesDNA/RNA synthesisFludarabine phosphate5 / 5 cell linesEGFRAfatinib2 / 5 cell linesEGFRLapatinib1 / 5 cell linesVEGFR, PDGFRSunitinib Malate1 / 5 cell lines  **1 μM FDA-approved drug group**DNA/RNA synthesisFludarabine phosphate5 / 5 cell linesMicrotubulesPaclitaxel5 / 5 cell linesSrcPonatinib3 / 5 cell linesMicrotubulesVinorelbine tartrate3 / 5 cell linesSrcDasatinib2 / 5 cell linesSrcBosutinib2 / 5 cell linesMicrotubulesDocetaxel1 / 5 cell linesVEGFR, PDGFRSunitinib malate1 / 5 cell linesMicrotubulesVincristine1 / 5 cell linesVEGFR, PDGFRSorafenib1 / 5 cell lines  **0.1 μM FDA-approved drug group**MicrotubulesPaclitaxel5 / 5 cell linesMicrotubulesVinorelbine tartrate5 / 5 cell linesDNA/RNA synthesisFludarabine phosphate4 / 5 cell linesSrcDasatinib3 / 5 cell linesMicrotubulesDocetaxel2 / 5 cell linesSrcPCI-327651 / 5 cell linesRAS, Rho GTPasesZoledronic acid1 / 5 cell linesSrcPonatinib1 / 5 cell linesEGFRAfatanib1 / 5 cell linesSrcBosutinib1 / 5 cell linesVEGFR, PDGFRSorafenib1 / 5 cell lines  **0.01 μM FDA-approved drug group**MicrotubulesVinorelbine tartrate5 / 5 cell linesMicrotubulesDocetaxel4 / 5 cell linesSrcDasatinib4 / 5 cell linesMicrotubulesPaclitaxel4 / 5 cell linesMicrotubulesVincristine3 / 5 cell linesDNA/RNA synthesisFludarabine phosphate2 / 5 cell linesEGFRAfatinib1 / 5 cell linesVEGFR, PDGFRSorafenib1 / 5 cell linesJAKRuxolitinib1 / 5 cell lines[^2][^3]

GBM Tissue Can Exhibit Increased mRNA Expression of Multiple Invadopodia Regulators {#s0060}
-----------------------------------------------------------------------------------

We examined the potential clinical significance of invadopodia in GBM by utilizing the online Oncomine platform for datasets that contained mRNA expression levels in GBM and normal brain for a number of genes that are involved in the regulation of invadopodia. These included Tks5, Tks4, cortactin, Nck1, NWASP, Src, and MMP-2. Oncomine (version 4.5, [www.oncomine.org](https://www.oncomine.org){#ir9005}, Compendia Bioscience, Ann Arbor, MI, USA, Thermo Fisher) is an online tool that contains 715 mRNA and copy number expression datasets from 86,733 cancer and normal tissue samples [@bb0195]. Datasets were examined from five independent GBM studies which showed a significant increase in the mRNA expression levels of a number of invadopodia regulators in GBM tissue samples compared to normal brain samples ([Table 2](#t0010){ref-type="table"}). It was observed that MMP-2 and Nck1 were the most frequently overexpressed regulators across all five studies, followed by Tks4 and Src. We also carried out co-expression analyses ([Supplementary Figure 1](#f0035){ref-type="graphic"}) which revealed that more than one invadopodia regulator may be overexpressed in a single GBM sample relative to low mRNA expression levels in normal brain. The increased mRNA expression of various invadopodia regulators in GBM tissue highlights the potential clinical significance of these structures in GBM patients. It also supports our previous evidence associating invadopodia with glioma cells [@bb0055], [@bb0075].

FDA-Approved Drugs Reduce GBM Cell Line Viability {#s0065}
-------------------------------------------------

Although the current therapeutic approach of radiotherapy and concomitant temozolomide postsurgery for GBM provides a modest improvement in survival, only 26.5% of individuals remain alive at 2 years due to tumor recurrence and invasion [@bb0200]. Therefore, there is an urgent need to develop new therapies to complement the current clinical protocol in targeting cells that may survive radiotherapy and TMZ. As the activity of invadopodia is known to facilitate the invasive ability of tumor cells [@bb0050], [@bb0150], we examined a panel of 20 FDA-approved agents with known targets that would potentially have an impact on invadopodia-related regulatory pathways ([Table 1](#t0005){ref-type="table"}). In addition to screening for a drug that may possess an "anti-invadopodia" property, we initially short-listed the drugs based on their potential to reduce glioma cell viability posttreatment. This would allow us to possibly uncover an FDA-approved drug, not previously used in the treatment of GBM patients, that had a dual effect (cytotoxic and anti-invadopodia) on GBM cells that survived RT and TMZ. The chemotherapeutic sensitivity of the five GBM cell lines was assessed with the 20 FDA-approved drugs across a range of concentrations (0, 0.01, 0.1, 1, and 10 μM). A variable response to the FDA-approved drugs over the concentration range was observed with the five GBM cell lines ([Supplementary Figure 3](#f0045){ref-type="graphic"}). We then ranked the responses based on the level of reduction in cell viability across as many cell lines as possible for each drug concentration ([Table 3](#t0015){ref-type="table"}). For further analysis, the four most effective drugs at the concentration of 0.1 μM (paclitaxel, vinorelbine tartrate, dasatinib, and fludarabine phosphate) were selected, which were also effective at reducing cell viability at the other concentrations.

Vinorelbine Tartrate and Paclitaxel Can Reduce MMP-2 Secretion, Invadopodia-Mediated Degradation, and Migration in GBM Cells {#s0070}
----------------------------------------------------------------------------------------------------------------------------

As we had observed earlier that the GBM cell lines were able to secrete MMP-2 and form functional FITC-gelatin degrading invadopodia, we investigated the impact of the four drugs (paclitaxel, vinorelbine tartrate, dasatinib, and fludarabine phosphate) on these processes at a lower concentration of 0.01 μM on two cell lines, LN229 and MU41. Vinorelbine- or paclitaxel-treated LN229 and MU41 cells showed a decrease in MMP-2 secretion relative to the untreated control cells ([Figure 3](#f0015){ref-type="fig"}). Interestingly, dasatinib treatment resulted in a reduced secretion of MMP-2 in the MU41 cells and not the LN229 cells. Subsequently, we examined the effect of these agents on the invadopodia-mediated FITC-gelatin degradation ability of the GBM cells. It was observed that vinorelbine tartrate was effective at significantly reducing the invadopodia-mediated degradation activity of both cell lines ([Figure 4](#f0020){ref-type="fig"}). This was consistent with the reduction in MMP-2 secretion and was also observed with paclitaxel-treated cells (however, the reduction in degradation was only significant in the LN229 cell line).Figure 3Vinorelbine tartrate and paclitaxel can reduce MMP-2 secretion in GBM cells.(A) Gelatin-based zymogram analysis of serum-free Optimem conditioned medium showing MMP-2 secretion activity of MU41 and LN229 GBM cells treated with 0.01 μM paclitaxel (PAC), vinorelbine tartrate (VT), fludarabine phosphate (FP), or dasatinib (DAS) \[untreated control (CON)\] for 24 hours. The experiment was repeated twice, and a representative image is shown. (B) Densitometric analysis of zymograms.Figure 3Figure 4Vinorelbine tartrate and paclitaxel can reduce invadopodia activity in GBM cells.(A) MU41 and (B) LN229 GBM cells were plated on coverslips coated with a thin film of cross-linked FITC-labeled gelatin 24 hours posttreatment with 0.01 μM dasatinib (DAS), fludarabine phosphate (FP), paclitaxel (PAC), or vinorelbine tartrate (VT) \[untreated control (CON)\]. After an additional 24 hours, the cells were subsequently fixed and stained for actin filaments with rhodamine-phalloidin (red) and DAPI nuclear staining (blue). Degraded areas of FITC-labeled gelatin are evident as black areas devoid of FITC-labeled gelatin (green). The mean FITC-labeled gelatin degrading activity (relative to the untreated control) was determined (C). \**P*\<.05 versus control. The experiment was repeated two times, and representative images are shown. Scale bar=20 μm.Figure 4

As a number of the invadopodia regulators such as cortactin are known to also be involved in modulating cell movement, due to their dynamic interactions with the actin cytoskeleton, we also examined the effect of the short-listed drugs on cellular migration. This was only investigated with the LN229 cell line (not the MU41 cell line) due to its ability to form a compact confluent monolayer suitable for the scratch wound assay. As can be seen in [Figure 5](#f0025){ref-type="fig"}, both vinorelbine tartrate and paclitaxel were effective in significantly reducing the migratory capacity of the LN229 cell line relative to the untreated control. We also examined the effect of three additional drugs on LN229 cell migration including ponatinib, sorafenib, and bosutinib (as they exhibited efficient reductions in cell viability across the five GBM cell lines at the highest drug concentration of 10 μM but were less effective at the lower concentrations). These three drugs were not effective at reducing the migratory capacity of the LN229 cell line over 24 hours, as were dasatinib, paclitaxel, and vinorelbine tartrate.Figure 5Vinorelbine tartrate and paclitaxel can reduce GBM cell migration.LN229 GBM cells were treated with 0.01 μM bosutinib, dasatinib, fludarabine phosphate, paclitaxel, ponatinib, sorafenib, or vinorelbine tartrate for 72 hours followed by 5 μg/ml mitomycin c for 2 hours. A scratch wound was introduced into the confluent monolayer, and images were acquired at 0, 6, and 24 hours. The wound area for each time point was determined relative to *t*=0 hour. \**P*\<.05 versus control. The experiment was repeated two times, and representative images are shown.Figure 5

MMP-2 Secretion and Invadopodia-Mediated FITC-Gelatin Degradation Is Enhanced by Radiation and TMZ {#s0075}
--------------------------------------------------------------------------------------------------

It is known that there are a number of stages involved in the formation and activity of invadopodia [@bb0170] including the following: Stage I, early precursor or initiation stage; Stage II, late precursor or preinvadopodia; Stage III, early mature invadopodia; and Stage IV, late mature invadopodia. These stages comprise the various processes of invadopodium core structure formation, maintenance of actin polymerization for structure stability, and recruitment of regulatory and functional proteins including the MMPs, which are subsequently secreted from the invadopodial tip to promote degradation of the surrounding ECM. As the LN229 cell line readily forms FITC-gelatin degrading invadopodia and shows the highest level of activity from our cell line panel, it was treated with 2 Gy RT and 200 μM of TMZ, and the effect on MMP-2 secretion via zymographic analysis was examined. As can be seen in [Supplementary Figure 2](#f0040){ref-type="graphic"}*A*, there is an increase in MMP-2 secretion posttreatment with RT and TMZ. A number of studies have reported that GBM cells surviving RT and TMZ treatment can display enhanced migratory and invasive potential [@bb0120], [@bb0125], [@bb0140], indicating that the long-term inadequacy of treatment observed for most patients may be related to surviving cells exhibiting an increased invasive capacity. As there was an increase in MMP-2 secretion post-RT/TMZ treatment, we next investigated whether RT/TMZ treatment would result in a functional change in the level of invadopodia activity. FITC-conjugated gelatin degradation assays utilizing RT/TMZ-treated LN229 cells revealed a significant increase in the invadopodia-mediated degrading ability of the cells post-RT/TMZ treatment compared to the untreated control ([Supplementary Figure 2](#f0040){ref-type="graphic"}*B*). This is in accordance with the observed increase in MMP-2 secretion and highlights that GBM cells which survive treatment may potentially possess a proinvasive phenotype and that this may be mediated through the activity of invadopodia.

Vinorelbine Tartrate and Paclitaxel Can Reduce Radiotherapy- and Temozolomide-Induced Invadopodia-Mediated Activity in GBM Cells {#s0080}
--------------------------------------------------------------------------------------------------------------------------------

The presence of invadopodia on tumor cells has been identified in both *in vitro* and *in vivo* environments, contributing to the matrix degradation process which ultimately can facilitate cellular invasion [@bb0050], [@bb0170], [@bb0180]. As we had identified that paclitaxel and vinorelbine tartrate were both able to reduce invadopodia-mediated FITC-gelatin degradation in GBM cells, we wanted to determine if their "anti-invadopodia" effect could be reproduced in cells that had been pretreated with RT/TMZ (which show augmented invadopodia activity in the surviving cells). This is a critical point, as it identifies the possibility that an "anti-invadopodia" or "anti-invasive" drug that is already FDA-approved could conceivably be adapted to the existing clinical treatment of GBM patients. As the LN229 cell line exhibited the greatest level of invadopodia-mediated FITC-gelatin degradation ([Figure 1](#f0005){ref-type="fig"}*D*), we examined the effect of paclitaxel and vinorelbine tartrate on RT/TMZ-treated LN229 cells. In addition to these two agents, we also investigated the "anti-invadopodia" effect on RT/TMZ-treated LN229 cells of a number of the other drugs which were effective at reducing cell viability across multiple cell lines at concentrations of 0.1 or 10 μM, including bosutinib, sorafenib, and ponatinib (10 μM group) and dasatinib and fludarabine phosphate (0.1 μM) ([Table 3](#t0015){ref-type="table"}). As can be observed in [Figure 6](#f0030){ref-type="fig"}, there was a significant increase in invadopodia-mediated FITC-gelatin degradation activity in RT/TMZ-treated LN229 cells relative to the untreated control. Treatment with vinorelbine tartrate or paclitaxel resulted in a reduction of RT/TMZ-induced invadopodia activity in the LN229 cells. This was also observed with the drug bosutinib; however, the greatest reduction in FITC-gelatin degradation was observed with vinorelbine tartrate.Figure 6Vinorelbine tartrate and paclitaxel can reduce radiotherapy- and temozolomide-induced invadopodia-mediated activity in LN229 GBM cells.LN229 GBM cells were treated with RT/TMZ (2 Gy/200 μM) 24 hours prior to the addition of 0.01 μM bosutinib (BOS), dasatinib (DAS), fludarabine phosphate (FP), paclitaxel (PAC), ponatinib (PON), sorafenib (SOR), or vinorelbine tartrate (VT) and prior to being plated on coverslips coated with a thin film of cross-linked FITC-gelatin. After an additional 24 hours, the cells were subsequently fixed and stained for actin filaments with rhodamine-phalloidin (red) and DAPI nuclear staining (blue). Degraded areas of FITC-labeled gelatin are evident as black areas devoid of FITC-labeled gelatin (green). The mean FITC-labeled gelatin degrading activity (relative to the RT + TMZ treated cells) was determined (C). \**P*\<.05 versus control. The experiment was repeated three times, and representative images are shown. Scale bar=20 μm.Figure 6

Discussion {#s0085}
==========

Despite advances in the treatment of GBM, the median survival time is 14.6 months for GBM patients, with tumor recurrence contributing to the poor patient outcome [@bb0205]. The highly infiltrative nature of GBM cells, limits complete surgical resection and exposure to chemotherapeutics due to reduced tissue penetrance. There is also limited exposure to radiation treatment of these invasive cells in normal brain, due to the narrow therapeutic index of radiation therapy to prevent radiation-induced toxicity in the surrounding normal brain. Ultimately, this allows for the formation of tumor satellites at distant locations from the primary tumor following therapy, resulting in treatment failure and facilitating tumor relapse.

Augmented migratory and invasive abilities of cancer cells result in establishing satellite or secondary tumors distant from the primary tumor mass. Importantly, membrane structures known as invadopodia have been documented to assist in cancer cell invasion and have also been observed in a number of cancers [@bb0180], [@bb0185], [@bb0210], [@bb0215], [@bb0220], [@bb0225], [@bb0230], [@bb0235], [@bb0240], [@bb0245], [@bb0250], including glioma [@bb0075]. These membrane protrusions have emerged as important facilitators of cancer cell invasion, serving to proteolytically degrade the surrounding ECM, thereby creating paths in which invading tumor cells migrate away from the primary tumor mass. The invasive capacity of cancer cells has been linked to their ability to form functional, matrix-degrading invadopodia; therefore, regulators of invadopodia formation and activity have been proposed to possess diagnostic or prognostic potential [@bb0075], [@bb0210]. In the present study, data extracted from the Oncomine database revealed mRNA overexpression of multiple invadopodia regulators in GBM tissue ([Table 1](#t0005){ref-type="table"}), highlighting the significance of these structures.

Clinical treatments may aid or accelerate the invasive capabilities of tumor cells, and recent studies have revealed a link between the current therapeutic approach, consisting of radiation and temozolomide, and enhanced migratory and invasive potential in GBM cells [@bb0110], [@bb0115], [@bb0130]. A study by Steinle et al. [@bb0255] demonstrated an increase in the extracellular secretion of MMP-2 in glioma cell lines that were exposed to radiation, which correlated with an enhanced invasive capacity (and increased levels of MMP-2 protein expression) into surrounding normal brain tissue when the irradiated cells were subsequently implanted into rat brains. MMP-2 is a member of the matrix metalloproteinase family belonging to a class of zinc-dependent proteases that can degrade different proteins, including gelatin and collagen. Importantly, MMP-2 and MMP-9 are overexpressed in gliomas [@bb0260] and can be regulated by signaling via the EGFR and Src, both of which are important in the phosphorylation of several invadopodia regulators, thus leading to the localized matrix degradation of the ECM mediated by the secretion of these MMPs from the invadopodial tip [@bb0050]. Furthermore, studies investigating the effect of both radiotherapy (2 Gy) and TMZ (30 μM) on U87MG GBM cells showed that treated cells exhibited enhanced MMP-2 activity [@bb0130], [@bb0135]. Similar findings were reported in our previous study in which GBM cells that survived sublethal doses of radiation (2 Gy) and TMZ (1000 μM) exhibited enhanced MMP-2 secretion and increased invadopodia formation and activity [@bb0140]. The data presented here showing that exposure of GBM cells to 2 Gy and a lower TMZ concentration (200 μM) support the previous findings, highlighting the urgent need for exploring novel therapeutic strategies to target invadopodia formation in resistant GBM cells after RT/TMZ treatment.

Since there was increased invadopodia activity in GBM cells post-RT/TMZ, our aim was to target this RT/TMZ-induced invadopodia-mediated matrix degradation by investigating a panel of 20 FDA-approved agents with known targets that may impact on invadopodia-related pathways ([Table 2](#t0010){ref-type="table"}). Importantly, the focus of our study was to identify drugs that can act "dualistically" as both cytotoxic and "anti-invadopodia" agents against GBM cells that survive radiotherapy and TMZ treatment that exhibit enhanced invadopodia activity, which would facilitate the establishment of tumor satellites distant from the primary tumor resection site.

Our study identified two FDA-approved drugs, paclitaxel (currently approved for a variety of solid cancers, particularly breast and ovarian [@bb0265]) and vinorelbine tartrate (approved for non--small cell lung cancer [@bb0270], [@bb0275]), as possessing a number of characteristics that allow them to be categorized as "dualistic" agents. Firstly, they were effective at causing a reduction in cell viability in all GBM cell lines at a lower drug concentration of 0.1 μM but were also effective at 0.01 μM. This is a crucial key as administered drugs can be metabolized/excreted and the blood-brain barrier can hinder the penetration of a drug to the tumor, leading to low drug levels being present within the tumor [@bb0280]. Secondly, these two agents had an impact on reducing the secreted levels of MMP-2, which facilitate invadopodia-mediated ECM degradation [@bb0050], [@bb0055], [@bb0170]. A decrease in the migration rate of the LN229 GBM cells was also observed, but importantly, in terms of a "dualistic" effect, these two agents were also able to reduce the RT/TMZ-induced invadopodia-mediated FITC-gelatin degradation. Notably, both vinorelbine tartrate and paclitaxel primarily target microtubules [@bb0240], [@bb0285].

Microtubules play an important role in cell division and the maintenance of cellular structure, as well as serving to form a network along which secretory vesicles may be trafficked to the cell surface, such as those containing MMPs to be transported to the tip of the invadopodium for secretion and subsequent degradation of the surrounding ECM. Furthermore, microtubules also assist in stabilizing the invadopodium core, which is used to generate a protrusive force during elongation of invadopodia [@bb0050]. Vinorelbine tartrate and paclitaxel target microtubules in opposing approaches; vinorelbine prevents their assembly by binding to tubules and inhibiting their polymerization [@bb0290], while paclitaxel hyperstabilizes microtubules and hence prevents their disassembly [@bb0295]. In the case of paclitaxel, hyper-stabilization impedes the ability of microtubules to shorten and lengthen, which is necessary for their role as a molecule transport highway to the cell membrane [@bb0300], whereas vinorelbine hinders microtubule assembly and prevents a phenomenon known as "treadmilling" that involves active dynamics and microtubule lengthening through the addition of tubulin subunits at one end of the microtubule [@bb0305]. Interestingly, vinorelbine tartrate selectively binds to, and disrupts, mitotic microtubule proteins over axonal microtubules, making it less neurotoxic than other vinca alkaloids. It is possible that by targeting microtubules, these two drugs impede the degrading capabilities of invadopodia by hindering the formation of a mature invadopodia core structure and also, potentially, the delivery of proteolytic enzymes such as MMP-2 to the tip of the invadopodium where it may be secreted into the extracellular space, facilitating degradation of the surrounding ECM.

Several studies have investigated the concomitant delivery of paclitaxel with radiation in patients with GBM. Ashamalla et al. [@bb0310] observed that the concomitant administration of paclitaxel with radiotherapy to GBM patients was well tolerated and resulted in an overall survival of 14 months. Julka et al. [@bb0315] also reported on a similar treatment approach in GBM patients and showed that the overall survival rate at 1 year was 70% with a combined paclitaxel/radiotherapy treatment approach. The median survival was reported to be at least 13 months at the closure of the study. While the survival rates for the combination of paclitaxel/radiotherapy are similar to what was achieved in the reported study by Stupp (radiotherapy/temozolomide) [@bb0200], it must be noted that the Stupp protocol also includes 6 months of temozolomide treatment postradiotherapy/concomitant temozolomide. Furthermore, a Brown University Oncology Group study used a paclitaxel-poly-L-glutamic acid conjugate to treat GBM patients in conjunction with radiotherapy and temozolomide [@bb0320]. The progression-free survival was 11.5 months, but importantly, the median overall survival was observed to be 18 months.

Vinorelbine tartrate has not been investigated clinically; however, a single case study of a female GBM patient receiving intravenous vinorelbine resulted in a progression-free interval extending beyond 24 months [@bb0325]. Encouragingly, it has been shown that vinorelbine tartrate is able to cross the blood-brain barrier in a preclinical model of brain metastases of breast cancer [@bb0285]. Pharmacokinetic analysis of plasma, blood, and tissue showed that, within 0.5 hour, the average concentration of vinorelbine in the brain metastases was 1.8 μM (ranging up to 6.5 μM), and at 8 hours, the concentration was still at 0.52 μM (maximum at 5.8 μM). This is extremely promising as the blood-brain barrier is compromised in GBM patients, and the concentrations of vinorelbine detected in the brain metastases from the Samala study fall within the efficacious cell viability and "anti-invadopodia" concentrations of vinorelbine in our current study.

In conclusion, the data from our current study investigating the role of repurposing FDA-approved agents indicate that a promising role exists for the two shortlisted agents, paclitaxel and vinorelbine tartrate, as novel prospective therapeutic agents that have the potential to be utilized as duel "chemotherapeutic" and "anti-invasive" (invadopodia) agents in targeting invasive GBM cells that survive RT and TMZ.

The following are the supplementary data related to this article.Supplementary Figure 1GBM tissue can exhibit increased mRNA expression of multiple invadopodia regulators. Relative mRNA expression levels of multiple invadopodia regulators in (1) normal brain tissue versus (2) GBM tissue extracted from the (A) Bredel Brain 2, (B) Liang Brain, (C) Murat Brain, (D) Sun Brain, and (E) TCGA datasets within the Oncomine database. The data presented suggests that mRNA expression of multiple invadopodia regulators can be overexpressed within a single patient sample (vertical column) compared to the expression levels in normal brain.Supplementary Figure 1Supplementary Figure 2MMP-2 secretion and invadopodia-mediated FITC-gelatin degradation are enhanced by radiation and TMZ.Gelatin-based zymogram (A) and FITC-gelatin degradation (B) analyses of LN229 GBM cells treated with RT/TMZ (2 Gy/200 μM). Zymographic analysis of serum-free Optimem was performed 24 hours posttreatment. For FITC-gelatin degradation assays, cells were trypsinized 24 hours posttreatment and seeded on FITC-labeled gelatin for 24 hours, after which the cells were subsequently fixed and stained for actin filaments with rhodamine-phalloidin (red) and DAPI nuclear staining (blue). Degraded areas of FITC-labeled gelatin are evident as black areas devoid of FITC-labeled gelatin (green). The mean FITC-labeled gelatin-degrading activity (relative to the RT+TMZ treated cells) was determined (B). \**P*\<.05 versus control. All experiments were repeated three times. Representative zymogram is shown.Supplementary Figure 2Supplementary Figure 3FDA-approved drugs reduce GBM cell line viability.GBM cell lines U87MG ![](fx1.gif), U87MG-EGFRvIII ![](fx2.gif), LN229 ![](fx3.gif), MU35 ![](fx4.gif), and MU41 ![](fx5.gif) were incubated at several concentrations (0, 0.01, 0.1, 1, and 10 μM) of the FDA-approved drugs for 72 hours before cell viability was determined using an MTT assay. Cell viability is represented as percentage survival relative to untreated control cells (*n*=3 experiments; mean +/− standard deviation. \**P*\<.05 when compared to respective control).Supplementary Figure 3
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[^1]: mRNA expression levels of invadopodia regulators was examined in GBM and normal brain tissue within the Oncomine database. Displayed in this table are the mean fold changes versus normal brain in each study and overall *P* value in that dataset. Gene expression data are log transformed and normalized as previously described [@bb0205]. *ND*, not defined.

[^2]: A list of the shortlisted FDA-drugs based upon their ability to reduce GBM cell viability ([Supplementary Figure 3](#f0045){ref-type="fig"}) at various concentrations (0.01, 0.1, and 10 μM).

[^3]: A list of the shortlisted FDA-drugs based upon their ability to reduce GBM cell viability (Supplementary Figure 3) at various concentrations (0.01, 0.1, and 10 μM).
